Most binary superlattices created using DNA functionalization or other approaches rely on particle size differences to achieve compositional order and structural diversity. Here we study two-dimensional (2D) assembly of DNAfunctionalized micron-sized particles (DFPs), and employ a strategy that leverages the tunable disparity in interparticle interactions, and thus enthalpic driving forces, to open new avenues for design of binary superlattices that do not rely on the ability to tune particle size (i.e., entropic driving forces). Our strategy employs tailored blends of complementary strands of ssDNA to control interparticle interactions between micron-sized silica particles in a binary mixture to create compositionally diverse 2D lattices. We show that the particle arrangement can be further controlled by changing the stoichiometry of the binary mixture in certain cases. With this approach, we demonstrate the ability to program the particle assembly into square, pentagonal, and hexagonal lattices. In addition, different particle types can be compositionally ordered in square checkerboard and hexagonal -alternating string, honeycomb, and Kagome arrangements. The field of DNA-mediated particle assembly has undergone remarkable progress over recent years (1), owing, at least in part, to its potential as a powerful platform for rational, bottomup design and engineering of complex materials, and motivated by recent successful translations into applications as diverse as sensing (2), photonics (3), and catalysis. The growing number of synthetic pathways and design strategies to fabricate DNA-functionalized particles (DFPs) has led to the development of a diverse palette of tailorable building blocks from which to choose, comprised of particles of a wide range of inorganic to organic compositions, a near continuum of particle sizes spanning nanometers to micrometers, precise DNA sequence control and thus tailorable hybridization, diverse chemistries for DNA grafting/association, and fine tunability of the grafting density. (4) (5) (6) Accompanying this expanding diversity of building blocks has been a parallel development of specific to generalized design principles that have begun to link molecular-scale DFP function with mechanisms of assembly and the resulting uni-or multi-modal crystalline structures.
The field of DNA-mediated particle assembly has undergone remarkable progress over recent years (1) , owing, at least in part, to its potential as a powerful platform for rational, bottomup design and engineering of complex materials, and motivated by recent successful translations into applications as diverse as sensing (2) , photonics (3) , and catalysis. The growing number of synthetic pathways and design strategies to fabricate DNA-functionalized particles (DFPs) has led to the development of a diverse palette of tailorable building blocks from which to choose, comprised of particles of a wide range of inorganic to organic compositions, a near continuum of particle sizes spanning nanometers to micrometers, precise DNA sequence control and thus tailorable hybridization, diverse chemistries for DNA grafting/association, and fine tunability of the grafting density. (4) (5) (6) Accompanying this expanding diversity of building blocks has been a parallel development of specific to generalized design principles that have begun to link molecular-scale DFP function with mechanisms of assembly and the resulting uni-or multi-modal crystalline structures.
To this end, the growing combination of theory, simulations, and experiments, has helped to overcome some of the challenges in the field. For example, re-entrant melting strategies (7, 8) have been successfully developed to alleviate the very narrow temperature ranges for efficient crystallization of DFPs.
The most common route to induce attraction between DFPs, and thus program their assembly, leverages the direct or indirect (i.e., with additional DNA linker strand) hybridization of complementary DNA strands tethered separately to two types of particles. Under suitable conditions in such systems, particles with complementary DNA functionality (i.e., 'unlike' particles) form attractive contacts among multiple strands of hybridizable DNA, whereas particles bearing the same DNA functionality (i.e., 'like' particles) typically interact via repulsive, nonhybridizable DNA-mediated steric interactions. By tailoring DFP properties such as particle size, DNA sequence, DNA strand length, and strand grafting density, three-dimensional (3D) assembly of a diversity of stoichiometric and symmetry structures including CsCl, AlB 2 , Cr 3 Si, Cs 6 C 60 , NaTl, and others has been demonstrated for nanoparticle systems (9) (10) (11) (12) (13) .
In these cases, assembly is ultimately tailored by controlling properties of particles that are each functionalized with only a single type of ssDNA. As an alternative, mixtures of two complementary DNA strands in a desired ratio can be grafted to particles as a means for tuning pair-interactions. This, so-called multiflavoring scheme was proposed to selectively program 3D crystallization of DFP into body-centered cubic (BCC) or closed-packed structures (CP) (14, 15) . Furthermore, Zhang and coauthors showed that such muliflavored DFPs can also be utilized as reconfigurable systems that are capable of dynamically transforming into BCC and CP lattices with the addition of suitable DNA sequences (16) . This suggests that control over interparticle interactions may serve as a new handle for dramatically expanding the structural diversity of crystalline assemblies and for realizing novel smart and adaptable materials.
Although nanoparticle-based DNA-mediated assembly enables realization of a diversity of crystalline structures, the assembly, especially in two-dimensions, of micron-sized DFPs has been slow to come. The appeal of micron-sized particle assemblies, and the motivation of efforts to overcome this barrier, is driven from an applications perspective by their desirable optical properties (17) , and, from a fundamental science perspective, by the ability to employ simpler optical monitoring for direct mechanistic insight into DFP crystallization (18) . Micron-sized DFPs possess relatively short-range interactions compared to their sizes, and extremely narrow melting transition ranges (1-2 o C), which leads to tedious annealing protocols with many days of incubation for successful crystallization (4, (19) (20) (21) (22) (23) . Recently, it was shown that DNA strand displacement can be used to widen the melting transition range and to shorten the effective crystallization time (8) . Previous studies on the 2D assembly of DNA-tethered colloids have sought to better understand their association/dissociation transitions (20, 24, 25) , and have relied on surface-mediated templating of DFP monolayers (26) (27) (28) (29) , but the direct formation of DNA- Fig. S4 ), and (iii) visual inspection using visual molecular dynamics (VMD) (37) .
Extensive results from MD simulations are summarized in Figure 2 as order diagrams depicting 2D binary crystal symmetries resulting from tuned interparticle interactions as a func- Figure 2 Table 1 : Reference nearest neighbor counts for perfect two-dimensional binary superlattices, where N AB is the number of unlike contacts and N AA or N BB is the number of like contacts.
lattices, namely alternating strings, honeycomb, Kagome, and square Kagome ( Fig. 2(B-D) ).
In a small region of moderate like pair energies, hexagonal structures are compositionally ordered as alternating strings (AS) (Fig. 2B ). Detailed analysis of MD trajectories (not shown here) suggest the formation of AS lattices due to the transformation of nuclei, initially grown as square into hexagonal lattices (see SI movie). Such diffusionless transformations have previously been observed in the context of DFPs in 3D systems (39) , but the underlying mechanism is still not fully resolved (40) . We are currently investigating this issue in more detail, which will be discussed in a future publication.
With increasing like pair energies along the diagonal axis (E AA /E AB = E BB /E AB ), hexagonal structures become compositionally disordered, which is expected as the energetic difference in interparticle interactions becomes smaller. Interestingly, when E AA /E AB > E BB /E AB , hexagonal structures can be found in many compositionally ordered arrangements such as honeycomb, Kagome and square Kagome lattices. As evident in Fig. 2a , honeycomb arrangement is quite prevalent in a large region of the order diagram. Kagome and square Kagome arrangements are observed when E AA /E AB E BB /E AB ≈ 1. In these cases, contacts between unlike pairs (AB) are only slightly more favored energetically than the like pair (BB), which gives rise to the formation of binary superlattices with non-equimolar A:B stoichiometries (e.g., 1:2 for honeycomb and 1:3 for Kagome).
These simulation results ultimately demonstrate that simple tuning of interparticle attractions can lead to the formation of a diverse array of binary superlattice structures in 2D systems without requiring blending of particles of different sizes, application of external fields, or introduction of surface structuring or other external factors. In order to test the validity of these results as possible guidelines for rational design of binary superlattices, we have carried out complementary experimental studies of 2D particle assembly wherein blending of complementary ssDNA particle functionality was used as a means for controlling interparticle interactions 8 and mediating assembly of distinct fluorescently labeled particle populations.
Specifically, like-sized (1.5 µm) red (A) and green (B) fluorescent silica particles were separately functionalized with pure or blended complementary single-stranded αDNA and βDNA using sequential silanization and cyanuric chloride chemistries as reported previously (25) .
Their assembly was followed via optical and fluorescence microscopy. While the blending ratio, γ i = αDNA/(αDNA+βDNA), was tuned independently between pure αDNA and pure βDNA for B-type particles (γ B = 0 − 1), A-type particles were functionalized with pure αDNA (γ A = 1) as a way to experimentally traverse the most relevant parameter space mapped out
. This allowed for programming of attractive interaction strengths between like (E AA , E BB ) and unlike (E AB ) particles (Fig. 1 ).
Our analysis suggests that increases in the relative loading of αDNA on the B-type particles should lead to a monotonic decrease in the strength of attractive interactions between unlike particles (E AB = E BA ) while the strength of attraction between B-type particles (E BB ) should monotonically increase. Such tunability of interparticle interaction strengths should ultimately result in a scenario where interactions between one set of like particles (B) become equivalent to or even exceed interactions between unlike particles.
As an initial confirmation of the tunability of the interparticle attraction, we measured the melting transition of both unary (only B-type) and binary (both A-and B-type) DFPs at different γ B while holding γ A = 1. With increasing γ B , the melting temperature of the unary mixture ( Supplementary Fig. S5 ) shifts to lower temperatures, whereas that of the binary mixture shifts to higher temperatures. These data clearly demonstrate that with increasing γ B the strength of interactions between B-type particles systematically decreases while the strength of interactions between unlike particles systematically increases.
Beyond determination of the melting temperature, experimental characterization focused on identification of crystal structures emerging upon self-assembly of the DFPs with systematically The structural order of 2D assemblies of A and B DFPs as a function of γ B and n are summarized in Fig. 3 . The symbol shapes reflect the observed crystalline lattices ranging among square, pentagonal, and hexagonal symmetries as well as mixtures thereof. As γ B is increased with n held constant (e.g., n = 1), we observe the formation of square lattice configurations at the lowest blending ratios considered (E BB much less than E AB ), the onset of minority hexagonal structures at higher blending ratios, eventual transition to majority hexagonal structures, and final dominance by hexagonal lattices at the highest blending ratios (E BB comparable to E AB ).
These results are quite consistent with the computationally-derived order diagram presented in Fig. 2 with the exception of the fact that we also observe the formation of a minority phase of pentagonal lattices for intermediate blending ratios, which was not expected from the simulation results. The exact reasoning behind the appearance of such lattices in our experimental systems is somewhat unclear, but this may derive from the difference in local concentration of A and B particles relative to the prescribed bulk solution stoichiometry itself.
As interparticle interactions between A particles are purely repulsive (γ A = 1), increasing the amount of B particles in the solution may favor the formation of lattices with a higher number of BB contacts. We generally observe such a change with increasing n = N B /N A . For example, as n is increased while holding γ = 0.4, the dominance of square lattice structures at the lowest n studied gives way to structures that are largely hexagonal. Here, again, we have identified persistent minority petagonal structures for n greater than or equal to 1. In addition, we find that underpopulation of B particles in the solution (n = 0.25) can lead to the formation of pure pentagonal structures. This is likely due to the higher local availability of B particles with respect to the solution stoichiometry, but inadequacy at the same time to stabilize hexagonal lattice structures. Entropic packing effects undoubtedly contribute to this observation as well, but these are difficult to decouple from the role of stoichiometry in the lattice selection.
In short, our experimental data validate the computational findings, demonstrating that the formation of specific lattice structures can be tailored simply by the combined design of the strength of interparticle interactions through control of the ssDNA blending ratio, γ B , and the particle number ratio, n, as opposed to surface patterning or other external factors. In addition to structural order, however, we are interested in assessing how well compositional order can also be controlled. Specifically, we employ multi-channel red and green fluorescence imaging to differentiate A and B particles, respectively, within DFP assemblies to determine the achievable compositional coordination and symmetry (Fig. 4) . We find generally that compositional order can, indeed, be tuned by controlling the blending ratio γ i , and thus interparticle interaction strength as wel as the particle stoichiometry, n. Moreover, unlike the simulations, simultaneous control over stoichiometry, n, and interparticle attraction strength may be critical for realizing higher symmetry lattices such as Kagome and square Kagome, and for controlling polymorphism. (Fig. 4a) for n = 1. This is fully consistent with the particle arrangement observed in the simulations, as very few compositional defects are seen for square lattices. As shown in Fig. 3 , one can observe hexagonal lattices by either increasing the like-pair energies or n (e.g., Fig. 4h ). If we hold n constant at 2, and change the blending ratio (i.e., to increase like-pair attraction between B particles), we observe compositional ordering into alternating string structures (Fig. 4b) , honeycomb structures (Fig. 4c) , Kagome structures (Fig. 4d) , and square Kagome structures (Fig. 4e) as well as segregated B particles (Fig. 4f) .
In full consistency with our simulation results (Fig. 2) , we have observed the coexistence of honeycomb and Kagome structures for the same blending ratio (γ B = 0.3). As previously discussed, we also observe the emergence of pure pentagonal lattices at the lowest n studied here (n = 0.25). Fluorescence images provide insight into the compositional order of these 13 lattices, which is shown in Fig. 4g . As expected, each A particle is surrounded by 5 B particles, thereby maximizing A-B and B-B coordination.
Taken together with the computational analysis presented before, the validating insight provided by laboratory assembly of DFPs reveals that DNA-mediated particle assembly can enable the formation of 2D binary crystalline structures with a diversity of both structural and compositional order and symmetry through enthalpically rather than entropically controlled processes. 
Sample preparation
Suspensions containing mixtures of A and B ssDNA-functionalized particles (DFPs) at desired particle number ratios, n = N A /N B , where N A and N B are the number density of A and B particles, respectively, were prepared from stock suspensions of each particle type by washing and redispersion in 100 mM NaCl TE buffer. 0.1 wt% Pluronic F88 (BASF) was included to protect against non-specific binding between the particles themselves as well as between the particles and the glass surface of the coverslip chamber employed for imaging of particle assembly. The coverslip microchamber was comprised of two plasma-treated coverslips bonded Following equilibration, at least five independent images were collected using an inverted op-tical microscope (Nikon Eclipse TE2000U, 40x air-immersion objective, 1.5x amplifier). The singlet fraction, defined as the number of individual particles that are not incorporated in a particle aggregate/crystal, was determined by quantitative comparison of the area of individual particles with the area of particles contained in aggregates by common microscopy image analysis (24, 43) .
Colloidal crystallization
Sample chambers containing suspensions of binary DFP mixtures with tailored particle number ratio, n, and ssDNA blending ratios, γ i , for i=A and B particles were attached to the block of a PCR machine (DNA Thermal Cycler 480, Perkin-Elmer) using silicone grease and incubated with a prescribed temperature trajectory through the melting transition to form crystal structures. Specifically, the temperature annealing was initiated above the melting temperature 
Molecular dynamics simulation details
We perform molecular dynamics simulations using the software package LAMMPS (44) in a canonical ensemble at low packing fraction of 8%. All the quantities below are reported in LJ units. The temperature was maintained by a Langevin thermostat with a damping coefficient τ = 2 in a 2D simulation box with periodic boundary conditions applied in all (x and y) directions.
The pair interactions between the particles are modeled using SI eq. 1 to capture interparticle interactions between DFPs. Each simulation is conducted for at least 10 8 time steps with a step size of ∆t = 0.001. The system contains a total of 400 or 402 particles, depending on the particle number ratio, n, of A and B particles.
Identification of the binary crystals formed in MD simulations
In addition to the nearest neighbor analysis (see SI The effective pairwise interactions between DNA-functionalized particles (DFPs) are derived from previously published simulation data using a sequence-specific coarse-grained model [1] . Advanced sampling techniques (replica exchange molecular dynamics and umbrella sampling) were used to obtain free energy or potential of mean force (PMF) as a function of interparticle distance. We use the following expression to fit these data to represent various contributions to the interparticle interactions between DFPs, (i) repulsive interactions between particle cores, (ii) repulsive interactions due to DNA chain overlap, and (iii) attractive interactions due to DNA hybridization.
(1) Figure S1 shows an example comparison between the simulation data and eq. 1. By varying B 0 , we can model potentials with different attractive well depths if particle size and overall grafting density is held constant. Even though the PMFs represented by eq. 1 are reflective of nanosized particles, the qualitative shape of the potential is quite similar to the one measured experimentally for micron-sized particles [2] . We simply rescale the Figure S 2. Mean potential energy as a function of temperature from molecular dynamics simulation for different E AA /E AB = E BB /E AB . These data are used as a guide to define putative melting temperature and to conduct additional simulations to study self-assembly behavior of binary superlattices. When the fraction of α-strands on B-type particles is increased, the melting curve of the binary system (γ A = γ B ) shifts to left whereas that of the unary system (γ A = γ B ) shifts to the right.
